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Abstract: The decrease in river streamflow and rainfall volumes due to climate change and/or
variability has been affecting several environmental and socioeconomic aspects of the Pantanal
floodplain in Brazil. This study analyzed 37-year-long (1986-2023) hydrological time series of rainfall,
streamflow and flooded areas in three contributing basins of the Pantanal floodplain (Jauru - JB,
Taquari-TB and Miranda-MB), revealing distinct hydrological trends influenced by climate systems
and ENSO patterns. Significant decreasing trends in rainfall and streamflow were observed in the
northern JB and TB basins, while the southern MB basin showed increasing behavior. As a
consequence, the downstream flooded areas in the Pantanal floodplain showed a decreasing trend in
the period. Long-term memory processes (Hurst phenomenon) were identified in the time series of
the basin flooded surface and also in the Paraguay river stage data, indicating a persistent and
aggregated reduction in the hydrologic variables, affecting both the ranching and fishing activities in
the region, and the regional ecology. These findings reinforce the need for adaptative management
strategies to tackle the impacts of water surface loss, increasing fire risk, and climate variability in the
Upper Paraguay basin.
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1. Introduction

Several regions of South America have experienced frequent and prolonged droughts in recent
decades [1], which were correlated with different global and regional climatic forcings, leading to
important ecological and socioeconomic impacts, including widespread forest fires [2-6]. Extreme
droughts in Brazil are often linked to the EI-Nino Southern Oscillation (ENSO) phenomenon, which
modulates the precipitation patterns in the continent [5,7,8] , becoming more severe when persistence
of below-average precipitation occurs in a sequence of several years [9]. In the Brazilian Pantanal, the
world’s largest floodplain, a positive correlation was observed between the sea surface temperature
(SST) rise of the Southern (Northern) Hemisphere oceans, and the increase (decrease) in the yearly
precipitation [10] and streamflow [11].

In addition to global climate drivers, such as the greenhouse effect [12], regional forcings, such
as large-scale land-use conversion, also play an important role in the decrease of precipitation and
streamflow [13,16] in the Cerrado biome (Brazilian savannah), which forms most of the headwaters
of the Pantanal floodplain [17]. However, increases in streamflow were also correlated with large-
scale deforestation elsewhere, due to decreased evapotranspiration [18-21].

Although hydrological patterns of streamflow are related to rainfall and evapotranspiration
rates in the Pantanal floodplain [22,23], the relationship is not necessarily direct and linear [24]. In
addition to the ecological impacts of extreme climate events, there is a variation in the flood pulse
dynamics [25-29] which dictates a series of economic activities in the basin’s downstream areas, such
as ranching, navigation, fishing, and tourism [30,31].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Agriculture and cattle ranching is the main activity occurring in the Pantanal’s upstream areas,
which are also impacted by temperature rise and shortening of the rainy season, causing significant
economic losses to farmers and municipalities [32]. Therefore, a better understanding is needed about
the relationship between climate change/variability and the alteration of hydrological components of
the Pantanal flood pulses, resulting from both climate variability [33-35] and land-use change [36,37].

Trend and variability analyses of the historical precipitation series of the Cerrado between 1977
and 2010 indicated that 71% of 125 rainfall gauges in the region showed a general decreasing trend
[15]. Similarly, reductions between 6.7 and 8.7% of long-term streamflow in the region were projected
for 2050, due to climate change and deforestation, respectively [16].

It is recognized that land-use change in the Pantanal highlands leads to significant impacts on
the downstream floodplain, including changes in water and sediment influxes [30,38—40].
Additionally, since precipitation is less than potential evapotranspiration in the floodplain, the
regional water balance is modulated by upstream inflows [17,41]. Therefore, changes in the rainfall
regime and in upstream land-use can impact the size, spatial distribution, seasonality, and
persistence of the flooded area in the downstream floodplain [42]. During the typical flood season
(Dec-May), the flooded area covers 60 to 80% of the Pantanal [40,43]. A recent remote sensing study
mapped the monthly flooded surface of the Pantanal [44], pointing that 2024 was the dryest year in
the 30-yr record.

Considering the complexity and the high variability of the Pantanal hydrology, as well as the
unknown processes involved in its water balance, further investigation about the trends, patterns,
and persistence of hydrological time series of the Pantanal upstream basins is crucial to assess the
impacts of climate and land-use change in the Pantanal basin [14,22,33,36,37,45-48]

Hence, the objective of this study was to assess the hydrologic influence of three main tributaries
to the downstream Pantanal floodplain, evaluating the trends, patterns, and persistence in their
precipitation and streamflow time series, allowing the establishment of sound climate adaptation
strategies for the region.

2. Materials and Methods

2.1. Study Area

The Paraguay river basin, which contains the Pantanal floodplain, extends over 1.2 million km?
of Argentina, Bolivia, Paraguay and Brazil, being the second largest river basin in South America. Its
headwaters are located in the states of Mato Grosso and Mato Grosso do Sul (Brazil) and its main
channel extends for approximately 2,700 km until its confluence with the Parana and La Plata rivers,
which drains into the Atlantic Ocean. The Brazilian portion of the Paraguay is known as Upper
Paraguay River Basin-UPRB, upstream of the Pantanal floodplain (42%), whose headwaters contain
portions of the Amazon (9%) and Cerrado/Savannah (49%) biomes. These upstream basins are the
main sources of water and sediment to the downstream Pantanal floodplain [17,49].

This research focused on three UPRB basins: i) The northern Jauru basin, in the southern
Amazon region; ii) The central Taquari basin, in the Cerrado biome, and iii) The southern Miranda
basin, also in Cerrado, with fragments of the Brazilian Atlantic Forest [Figure 1]. The study area of
the Jauru basin (JB) spans 5,647 km? in its highland area and 2,202 km? in its floodplain. Its
topography is comprised of gentle slopes (mean grade of 6.6%), oxidic soils (Orthox), with
pastureland and dryland agriculture as the predominant land-uses.

The Taquari basin (TB) highlands span an area of 27,514 km?, and its downstream floodplain
covers 40,160 km?. The TB basin is formed by gentle topography (mean slope of 8.2%), oxidic soils
(Orthox), with pastureland and dryland agriculture as the dominant land-uses. Finally, the southern
Miranda basin (MB) has an area of 15,125 km?in its highlands and 6,638 km? in its floodplain, being
the lowest of the three basins in elevation (300 m), with a mean basin slope of 6.5%.
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Figure 1. Upper Paraguay river basin with elevation, with corresponding sub-basins.

2.2. Data and Analyses

The spatial delineation of the three studied sub-basins was obtained by GIS spatial analysis,
with the basin outlets coinciding with the three corresponding streamflow gaging stations, situated
in the border between the basins” highlands and the Pantanal floodplain, downstream. Monthly
streamflow data were obtained from three National Water Agency’s-NWA gaging stations:
#66072000 (Porto Esperidiao), #66870000 (Coxim), and #66910000 (Miranda) [Figure 2]. Additionally,
river stage data from the downstream Paraguay river gage (#66825000) were used to complement the
analysis, evaluating the influence of eventual back-water effects in the flooded areas.
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Figure 2. Upper Paraguay river basin, with corresponding sub-basins, study area, and streamflow gaging

stations.

The three studied sub-basins span two different Képpen climate zones [Figure 3]. The Cerrado
Aw climate is marked by a summer rainy season and dry winters, with annual rainfall ranging from
1,070 mm to 1,720 mm (Jauru basin), and from 1,472 mm to 2,067 mm (Taquari basin). The Miranda
basin, with annual rainfall volume ranging between 970 mm and 1,480 mm, is located in the transition
zone between the Kdppen's Aw and Am climates, the latter characterized by monsoons and warmer

temperatures [50].
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Figure 3. Upper Paraguay Basin, with the three sub-basins, streamflow and rainfall stations, and Képpen climate

zones.

Data from six selected rain-gage stations, namely #18558004 (Alto Jauru), #1853002 (Cachoeira
Polvora), #1853003 (Jauru), #1954004 (Camapua), #2156001 (Jardim), and #2056003 (Estrada MT-738)
[Figure 2], were used to correct the bias of the gridded precipitation data [51], downloaded from the
Climate Hazards Group InfraRed Precipitation with Station Data-CHIRPS, which is relatively accurate for
the studied area [52,53]. The monthly water surface (flooded) areas (A) of the Pantanal floodplain,
located in the lower reaches of the three studied sub-basins, were obtained from the MapBiomas Water
Project dataset (Collection #3), via Google Earth Engine® queries.

To perform the statistical analysis of the hydrologic time-series, the data were organized into
monthly totals (precipitation) and monthly means (streamflow & flooded area), comprising N=37 years,
between 1986 and 2023, since at least 30 years of data are necessary to guarantee a climatic stability
[54]. All hydrologic time-series of the three sub-basins were organized in hydrologic years, starting
in October and ending in September (dry season), to avoid the effect of baseflow carry-over between
subsequent years [55].

The non-parametric Mann-Kendall (MK) statistic was used to assess the level of stationarity of
the hydrologic time series, detecting trends or jumps [4,14,22,30,46,56,57]. To identify persistence
(long-memory processes) in the hydrologic time series, the Hurst coefficient-H [58] was obtained
from the rescaled-range (R/Sr) plot [59]. The R/S: estimate was obtained by the following equations:

5i(t d) = J i s ) @

d

R(t,d) = maX1<u<d{th:il_1 Xj — ux(t, d)} - min1<u<d{2jt:il_1 Xj — ux(t, d)} (2)
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where:
X(td)=(x+..... + Xerg1)/d 3)

The ratio R (t,d)/S: (t,d) is the rescaled range, consisting in averaging the values of R/S: for a
number of values of t, for a given time lag (d), and plotting the average results of the series of rainfall,
streamflow, or flooded area, against log (d). The slope of the graph of x (d) versus log (d), found using
ordinary linear regression, is the Hurst coefficient H [60]. Long-term memory (persistence) occurred
in the time series when H > 0.5, whereas a value of H < 0.5 indicated a white noise (randomness) in
the time series [58,59,61,62].

Additionally, the auto-correlation function (ACF) was performed in the hydrological series of P,
Q and A to assess the degree of autocorrelation between the observed data, indicating whether the
hydrologic behavior of subsequent years was explained by those of previous years. This occured
when the lag-1 and lag-2 ACF were statistically significant, and decreased monotonically [63]. The
Mann-Kendall, Hurst, and ACF tests were performed in all hydrological time series using the
‘mannkendall’, “hurstexp” and ‘act’ scripts, available in the R-Studio® platform, respectively.

Finally, the streamflow (Q) time-series of the three basins were correlated with the
corresponding flooded areas (A) downstream, using the Spearman test [64] to assess the relationship
between A & Q, vis a vis the back-water effect of the downstream Paraguay river, measured at the
Ladario stream gage.

3. Results

3.1. Jauru Basin (JB)

The rainfall and streamflow time-series, their correlation, and the dynamics of the flooded area
of the Jauru Basin are presented in Figure 4. The decreasing trends observed in the rainfall (P) and
streamflow (Q) series (MK =-0.04 and -0.11, respectively) were not statistically significant (p = 0.71
and 0.37, respectively). The Hurst coefficient for P and Q was H= 0.5, in the threshold between white
noise and long-memory. Annual P and Q in the basin were highly correlated (r = 0.75) [Figure 4c].

On the other hand, there was a significant decreasing trend in the water surface in flooded region
of the JB in the period (MK = -0.55, p-value <0.001) [Figure 4d]. Additionally, the Hurst coefficient (H
= 0.69) indicated a strong persistence and auto-correlation in the series, the latter confirmed by the
significant magnitudes of lags 1 & 2 [63] of the ACF.
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Figure 4. Time series if annual rainfall (a) and discharge (b) of the Jauru basin, their correlation (c), and the time
series of the downstream flooded area (d).

The low correlation coefficient between the flooded area and upstream inflow of the Jauru river
(r=0.06) [Figure 5] indicates that the former the flooded area was not influenced by the latter.
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Figure 5. Correlation between annual flooded area-AFA of the Jauru basin and its mean annual discharge

upstream (inflow).

3.2. Taquari Basin (TB)

The time-series of rainfall and streamflow, their correlation, and the time-series of the flooded
area of the Taquari Basin are presented in Figure 6a,b, respectively. Although the rainfall series
showed a stationary behavior (MK= -0.12, p = 0.3), the streamflow series presented a significant
decrease (MK= -0.63, p <0.001) in the period studied. The correlation between P & Q was r = 0.43
(Figure 5c), and the time-series of the flooded area (Figure 6d) was non-stationary (MK =-0.54, p <
0.001), with a significant decreasing trend.

The Hurst (H) coefficient for the rainfall time-series was 0.49 (white noise), while the H for
streamflow and flooded area were 0.68 and 0.69 (long-memory process), respectively. The latter was
corroborated by the significant lag-1 & lag-2 of the ACF of the Q & A time-series [9,63].

2500 700
2000 £ om0
I - II £
2 1 . 11 1 Pt
£ 500 E 500
£ 8
E 1000 g 400
c
s 2
i £
S sw = 300
c a
c =}
= =
i 0
£ 38 2788282388282 88848 £ 8 3 =T - T = = -
mmmggﬂmoocooooqoobc £ 885 3§ 8§ E 88 88 8 5855 8 8 2
SRR 2ZERR2RESRAARRIRARS = 2R "R SSSRESRARAERASR
(a) (b)
oo !
w o0
2 800 . - 00
E
g‘ 500 1]
2 . .
G 400 ., =
s L . . <
= 300 ® L] o L . =
2 L] . o
o
g 200 hic
g £
< 100 E
L 1000
o
1400 1600 1800 2000 2200
. w @ 9 o © o o @ ™ o N 9 @w @ 9o
Annual rainfall (mm) S EfziszgcsboEaazand
- - - - - - - ™ ™~ o~ ™ NN NN NN NN
(©) (d)

Figure 6. Time series if annual rainfall (a) and discharge (b) of the Taquari basin, their correlation (c), and the

time series of the downstream flooded area (d) between 1986 and 2023.
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The correlation between the Taquari annual streamflow and the basin’s annual flooded area
[Figure 7a] was high (r = 0.72), indicating that the latter was influenced by the former. Additionally,
Figure 7b indicates that the flooded area of the TB was affected by the back-water effect of the
Paraguay river [65], given by the significant positive correlation between them (r = 0.78).
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Figure 7. Correlation between annual flooded area of the Taquari basin and its mean annual inflow (a), and

between A and the mean annual river stage (Q) of the Paraguay river (b).

3.3. Miranda Basin (MB)

Figure 8 presents the rainfall (P) and streamflow (Q) time-series, their correlation, and the
variation of the downstream flooded area of the Miranda Basin-MB in the studied period. As opposed
to the Jauru and Taquari basins, where annual rainfall and streamflow decreased between 1986 and
2023, these hydrologic variables increased in the Miranda basin.

The MK coefficients for the time-series of P & Q were 0.12 and 0.31, and the corresponding p-
values were 0.29 and 0.02, respectively. The Hurst coefficient for the P, Q, and A time-series were
0.64, 0.62, and 0.73 respectively, indicating the presence of persistence (long-memory process) in the
three hydrologic series. However, only the ACF of the flooded area showed autocorrelation, given
by the significant and monotonic decreasing values of lags 1 & 2 of the ACF.

Figure 8c presents the correlation between P & Q (r = 0.5), and Figure 8d shows the time-series
of the Miranda flooded area, with a significant decreasing trend (MK =-0.59, p < 0.001). The opposite
trends observed in the series of streamflow and flooded area indicate that the latter was controlled
by different processes.
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Figure 8. Time series of annual precipitation (a) and streamflow (b) of the Taquari basin, their correlation (c),

and the time series of the downstream flooded area (d), between 1986 and 2023.

The correlation between the Paraguay river stage and the Miranda basin flooded area [Figure
9a] showed a strong positive correlation (r = 0.70), whereas no correlation existed between the
Miranda river streamflow and the downstream flooded area (r = 0.01) [Figure 9b]. This indicates that
the flooded area was controlled by the back-water effect of the Paraguay River [65]. Granted, the
decreasing trend in Paraguay river stage [Figure 9c] corroborates this phenomenon.

700 1000
i} .
800
S 20 .
5 500 % &g
= ° .
@ 400 = 600
B @ . .
g 300 T 00 .
o ° L]
g e & . .
8 200 g . ) s
. 2 0 eee e =
100 .
*y o
] 1]
(i} 500 50 70 a0 110 130 150 170 180 210
Paraguay river stage (cm) Mean annual discharge (m%s)
(a) ] (b)
450
400
E 350
=
gJD 300
=
@ 250
g
=200
3
o
gn 150
B
S o
50
]
o W QO oT P X O o g © 0 O N % O @ 9 o
o o @O o O @ O 0 o o 9 C e =) - N o
o oo ;o o o0 @ &4 0 O 0 0 o o 0 o o o0 g o0
ﬁﬁﬁﬁﬁﬁﬁ NN N N NN N NN N NN

Figure 9. Correlation between the Miranda Basin flooded area with the Paraguay river stage (a), the upland

streamflow (b), and the time-series of the Paraguay river stage (c).

As occurred with the flooded areas of the three basins studied, the time series of the Paraguay
river stage showed a significant decreasing trend (MK= -0.41, p< 0.001), exhibiting a long-memory
pattern, given by the Hurst coefficient of 0.64.

4. Discussion

The ENSO variability, generating alternating El Nifio & La Nifa phenomena, affects the Upper
Paraguay Basin differently, with regard to annual precipitation volumes, with alternating floods and
droughts [4,10,65]. Although the El Nifio is typically associated with reduced rainfall rates in the
Cerrado, the years of 1982-1983 and 1997-1998 had strong floods in the Pantanal floodplain [53,66].
On the other hand, the last El Nifio event, between 2023-2024, was followed by a small flooded area
[44], which could be explained by interdecadal changes of ENSO's structure [67], or anomalies in
warming/ cooling zones in the Atlantic and Pacific oceans [68]. Under climate change circumstances,
due to greenhouse forcings, it is likely that ENSO’s impact on South America will be exacerbated [69],
though it cannot be perceived just by analyzing hydrologic annual means.

Decreasing trends in rainfall and in streamflow were detected in two of the three basins analyzed
(Jauru & Taquari), with the third (Miranda) presenting increasing trends in a 37 yr-long series,
corroborating the findings of Thielen et al. [10], though in their study the MK test for precipitation
series was not statistically significant.
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A possible explanation for this behavior is the different climate systems governing the basins’
hydrology [50]. In the case of the Jauru and Taquari basins, the K&ppen climate type is Aw, whereas
in the southern Miranda basin, situated near the Tropic of Capricorn and to the Atlantic Forest
continuum, the dominant climate is Am. On the other hand, the significant decreasing trends
observed in the streamflow series of the two northern basins with Aw climate (Jauru and Taquari), as
well as the occurrence of long-memory processes (Hurst phenomenon) in the latter, have been
detected elsewhere both in the Cerrado [70], and in the Pantanal headwaters, where decreasing trends
of low (high) flows during dry (wet) periods in the Pantanal occurred [71].

Despite the differences in the hydrology of the three basins, their flooded areas showed a
systematically decreasing trend in the studied period [Figure 10]. In the case of the TB and MB sub-
basins, their flooded areas were positively correlated with the downstream Paraguay river stage,
indicating that a back-water effect of the latter also contributed to the flooding of the lower reaches
of the two basins [65]. The same correlation was found for JB, but there is not a cause-effect
relationship in the latter, owing it to the reduced flow contribution of the Jauru river to the Paraguay
river stage.
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Figure 10. Frequency of flooded areas in the UPRB, with dark blue colors indicating permanent flooded areas.

Although it was expected that a positive relationship between rainfall volumes and flooded
areas existed in Pantanal floodplain, this correlation was weaker than that of the Paraguay river stage
at Ladario. As reported previously [43], the annual rainfall in the floodplain’s upland region is not
capable of explaining the variability of the downstream flooded areas, the latter being better
correlated with the rainfall volumes between December to April. Also, annual streamflow time series
usually show weaker correlations than monthly series in the basin [72].
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Long-memory processes (Hurst phenomenon) were detected in the time-series of the flooded
areas of the three basins studied, as well as in the Paraguay river stage data. This inherent process
causes dry years to occur in a sequence in the Pantanal floodplain, leading to severe droughts in the
region [59,62]. This conclusion warrants the establishment of preventive measures regarding
ranching, fishing, and fire control in the region, following the adaptive management philosophy [73].

5. Conclusions

Significant trends, correlations, and persistence were found in the 37 yr-long hydrologic time
series of rainfall, streamflow, and flooded area of three contributing basins of the Pantanal floodplain,
in Brazil. In the northern basins (Jauru and Taquari), decreasing trends of rainfall and streamflow
were detected, whereas in the southern Miranda basin increasing trends in those variables were
found. Distinct climates and their corresponding anomalies in the sub-basins contributed to the
distinct hydrologic behaviors observed [15], which are associated with distinct ENSO patterns above
and below the Tropic of Capricorn, in addition to the southeastern cyclonic circulation, leading to
different humidity influxes to the northern and southern portions of the Pantanal basin [7].

In all three basins, the downstream flooded area decreased with time, and most of the hydrologic
series were affected by long-memory process (Hurst phenomenon) and auto-correlation. While the
flooded areas of two northern basins were correlated to upstream inflows, the back-water effect of
the downstream Paraguay river influenced all three flooding zones, indicating that combined
upstream and downstream processes affect the flood pulses in the region. The conclusions could be
utilized in the establishment of preventive policies against severe droughts, following the adaptive
management principle.
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